Poly(ethylene-co-isosorbide terephthalate) (PEIT) copolyesters could be used in various applications depending on their ability to crystallize. Moreover, the possibility to carry out solid-state post-condensation (SSP) is conditioned by its ability to sufficiently crystallize. The present study, thus, gives a systematic investigation of isothermal crystallization of these statistical copolyesters with isosorbide contents ranging from 4.8 to 20.8 mol.%. For each copolyester composition, the lowest isothermal half crystallization times and the highest Avrami constant (K) were obtained around 170 • C. Over the range of composition that was studied, both melting points and melting enthalpies decreased with increasing amounts of isosorbide (from 250 to 207 • C and from 55 to 28 J/g, respectively). On the contrary, half crystallization time displayed an exponential increase when increasing isosorbide contents in the studied range. Finally, structural and thermal analysis of PIT homopolyester are reported for the first time, showing that only ET moieties crystallized when PEIT was subjected to isothermal crystallization at 170 • C. of the polymer. As an example, in the case of PET, isosorbide allows for an outstanding increase in Tg. In the 1990s, Storbeck et al. [11] demonstrated that the Tg followed a linear increase with a slope of 1.2 • C per 1 mol.% of isosorbide incorporated in the substitution of ethylene glycol.
Introduction
In recent years, several bio-based monomers were studied for the improvement of polycondensate properties or for the replacement of petrochemical monomers. The 1,4:3,6-dianhydrohexitols (DAHs), namely isomannide, isosorbide, and isoidide are produced in two steps: hydrogenation of glucose and dehydration of the corresponding hexitol. Of the three known isohexide isomers, only dianhydro-1,4:3,6-d-sorbitol (DAS) or isosorbide is currently produced with sufficient purity for polymerization on an industrial scale. Due to their rigidity and their harmlessness, these molecules are gaining more interest for their use as building blocks in various polymers in the field of thermoplastic materials and for curable resin applications [1, 2] . As a diol, isosorbide found its place as a monomer suitable for polycondensate synthesis like polyesters, polycarbonates, and thermoplastic polyurethanes [3] . In polycarbonate, isosorbide not only allows the substitution of toxic bisphenol A (BPA), but offers a significant increase in the mechanical strength, heat resistance, UV resistance, and optical properties, with resulting properties between common BPA polycarbonate and PMMA.
In polyesters, isosorbide was copolymerized in polymers such as poly(ethylene terephthalate) (PET) [4] [5] [6] , poly(trimethylene terephthalate) (PTT) [7] , poly(butylene terephthalate) (PBT) [8, 9] , and poly(cyclohexanedimethylene terephthalate) (PCT) [10] for its ability to increase the heat resistance of the polymer. As an example, in the case of PET, isosorbide allows for an outstanding increase in In the first step, the reactor was charged with 2656 g (16 moles) of terephthalic acid and 19.2 78 moles of diol (comprising isosorbide and ethylene glycol). Other additives such as anti-diethylene 79 glycol, antioxidants, and catalysts were also fed into the paste. To exclude residual oxygen from the In the first step, the reactor was charged with 2656 g (16 moles) of terephthalic acid and 19.2 moles of diol (comprising isosorbide and ethylene glycol). Other additives such as anti-diethylene glycol, antioxidants, and catalysts were also fed into the paste. To exclude residual oxygen from the isosorbide crystals as much as possible, four vacuum-nitrogen cycles were carried out between 60 and 80 • C. The reaction mixture was then heated up to 260 • C under a nitrogen pressure of 5.0 bar (270 • C and 6.6 bar for PET) and stirred at a constant rate (150 rpm). The esterification rate was estimated from the quantity of distillate collected. In the second step, the pressure was reduced in 90 min to 0.7 mbar, and the temperature was gradually increased to 270 • C (285 • C for PET). Low-pressure conditions were maintained for 90 min, and the viscosity variation of the polymer was measured from the torque applied on the stirrer. A polymer strand was then withdrawn from the bottom drain valve of the reactor and quenched in a water bath. PEIT pellets (15 mg) were obtained after granulation. Using such a procedure avoids contact of the warm polymer with oxygen, thus reducing coloration and thermo-oxidative degradation.
For comparison purposes, PIT was synthetized using the same procedure.
Polymer Characterization

Reduced Viscosity
The reduced viscosity (η red ) of the polymers was determined using an automated Ubbelohde capillary at 35 • C. The polymer samples were dissolved in ortho-chlorophenol (Aldrich, Saint-Louis, MO, USA) at a concentration of C = 5 g/L at 135 • C. Then, the reduced viscosities were calculated using Equation (1), where t 0 and t s refer to the neat solvent and the polymer/solvent solution flow times, respectively.
1 H-NMR Analysis
The 1 H-NMR analysis of PEIT was carried out using a 400-MHz Bruker liquid-state NMR spectrometer (Billerica, MA, USA) equipped with a QNP probe. The polymer was dissolved in deuterated chloroform and trifluoroacetic acid (3:1 v/v) before analysis. All NMR measurements were recorded at 25 • C. The calculations of the isosorbide content were done according to method described by Bersot et al. [4] .
13 C-NMR Analysis
The distribution of the repetitive units in PEIT was assessed by 13 C-NMR spectrometry at 25 • C in a solution of CDCl 3 + TFA-d1 (~95 mg of polymer sample in 0.6 mL of CDCl 3 + 0.1 mL TFA-d1).
Differential Scanning Calorimetry (DSC)
The differential scanning calorimetry (DSC, experiments were performed using a TA instruments Q20 calorimeter (New Castle, DE, USA). The instrument was calibrated for temperature and enthalpy using the melting temperature and the heat of fusion of indium (156.6 • C and 28.57 J/g). The analyses were carried out on typically 10 mg of material in aluminum pans of 40 µL. Polyesters may take up a little moisture during storage. Therefore, pans were not sealed to ensure that water adsorbed could evaporate to investigate the behavior of dry samples. The DSC oven was flushed with dry nitrogen gas (40 mL/min). In order to analyze and compare the influence of various thermal treatments on the samples, all calorimetric measurements were performed at a standard heating rate of 10 • C/min. The reference Tg of each sample was defined as the midpoint of the glass transition heat flow jump. The melting temperature was defined as the peak temperature of the melting endotherm.
The crystallization kinetics of PEIT was measured from the melt to erase any thermal history of the sample. For that, a first heating ramp from room temperature to 20 • C above the end of the melting endotherm was done. This first scan was followed by an isotherm of five minutes at the temperature reached to ensure that all crystallites were melted and that remaining water was evaporated. The sample was then quickly equilibrated at the crystallization temperature to undergo the crystallization isotherm. According to the isosorbide content, two procedures were followed.
For isosorbide content lower than or equal to 15%, crystallization kinetics was quick enough so that the crystallization exotherm (H cryst ) could be measured directly on the isothermal signal of the DSC. The relative crystallization rate X can be expressed as follows:
where t is the time and t f is the time for a complete crystallization. For isosorbide contents higher than 15%, crystallization kinetics was too long to get a precise enough isothermal signal. Therefore, after the crystallization isotherm, samples were cooled down below their Tg and heated up again at 10 • C/min up to their melting temperature. During this last step, the melting enthalpy (∆H melting ) could be recorded. The relative crystallization rate X was calculated as follows:
where ∆H melting max is the maximum melting enthalpy recorded on the considered sample. In Equations (2) and (3), X(t) expresses the relative crystallinity of the sample.
Powder X-ray diffraction (PXRD)
Powder X-ray diffraction experiments were performed on 2-mm-thick polyester sheets with a Brucker D8 Advance diffractometer (Billerica, MA, USA) using a copper anticathode. Prior to measurements, samples were placed at 170 • C for the appropriate time to get a complete crystallization.
Results
Poly(ethylene-co-isosorbide terephthalate) samples with varying isosorbide contents were produced at the pilot scale by Roquette Frères. The isosorbide content is expressed as the molar percentage of ethylene glycol replaced by isosorbide. The characteristics of the studied samples are presented in Table 1 . The results show that PEIT samples with isosorbide content from 4.9 to 20.8 mol.% were successfully synthetized. Moreover, based on the equation with the polymerization conditions used, the final polymer displayed no coloration. Color parameters were evaluated, and L* was higher than 50, a* was between −0.6 and 0.2, and b* was between −1.9 and 2.7. These polymers also displayed reduced viscosities ranging from 0.56 to 0.66 dL/g, indicating that high-molar-mass polyesters were achieved. In this small range of reduced viscosity, it was considered that the molar mass of the polymer had a limited effect on the crystallization kinetics of the polymer. For comparison purposes, a polyester Appl. Sci. 2020, 10, 1046 5 of 14 made from isosorbide and terephthalic acid only was synthetized. The product displayed a reduced viscosity of 0.21 dL/g and a Tg of 140 • C.
In order to see the possible influence of the structure of the polymer on crystallization, copolyester triads were further assessed by 13 C-NMR analysis. Identification and quantification of triads were done by analysis of quaternary carbons of terephthalic acid moieties located in the 132-134 ppm region. Depending on the neighboring diols, these carbons presented variable chemical shifts, as shown in Figure 2 .
following equations [12] :
Thus, the degree of randomness R could be evaluated as follows:
R takes 2 as a value for an alternating copolymer, 1 for a random structure, <1 for a sequential 167 block structure, and 0 for a mixture of homopolymers [13] . As detailed previously, the isothermal crystallization of PEIT with varying isosorbide contents 173 was studied by DSC with two different protocols. For low isosorbide contents (≤15% molar of 174 ethylene glycol replaced by isosorbide), the crystallization kinetics could be directly observed on the 175 isothermal thermogram (see Figure 3 ). For isosorbide content higher than 15%, the crystallization 176 process was too long to be precisely observed in the same way. Therefore, the crystallization kinetics 177 was followed by measuring the melting enthalpy of the crystallized material (see Figure 4 ).
178 Figure 3 presents DSC thermograms measured on amorphous PEI4.9T during isothermal 179 treatments at different temperatures. These isothermal treatments were obtained after the complete 180 melting of the material. It clearly appears on this figure that all curves presented an exothermic event Thus, from the integration of these signals, it was possible to evaluate the average sequence length of both ethylene terephthalate (ET) and isosorbide terephthalate (IT) moieties with the following equations [12] :
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R takes 2 as a value for an alternating copolymer, 1 for a random structure, <1 for a sequential block structure, and 0 for a mixture of homopolymers [13] .
Results from this sequence analysis show that the ET sequence length decreased from 22.3 to 5.2, while the isosorbide content increased from 4.2 to 20.8 mol.%.
Isothermal crystallization kinetics
As detailed previously, the isothermal crystallization of PEIT with varying isosorbide contents was studied by DSC with two different protocols. For low isosorbide contents (≤15% molar of ethylene glycol replaced by isosorbide), the crystallization kinetics could be directly observed on the isothermal thermogram (see Figure 3 ). For isosorbide content higher than 15%, the crystallization process was too long to be precisely observed in the same way. Therefore, the crystallization kinetics was followed by measuring the melting enthalpy of the crystallized material (see Figure 4 ). 
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In the present study, the global melting endotherm was considered to evaluate the crystallinity 208 of studied PEIT. 
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5c,d, the plot of Log(−ln(1 − Xt)) as a function of Log(t) is also given for the same experimental data. 
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From the plots in Figures 5c,d , the crystallization half time t1/2, Avrami index n, and 219 crystallization rate constant K were obtained using the following Avrami equation: Figure 3 presents DSC thermograms measured on amorphous PEI 4.9 T during isothermal treatments at different temperatures. These isothermal treatments were obtained after the complete melting of the material. It clearly appears on this figure that all curves presented an exothermic event taking place over a varying period of time depending on the isothermal temperature. This event was attributed to the crystallization of the PEI 4.9 T. It is to be noted that, for isothermal temperatures from 150 • C to 190 • C, the heat flow value recorded at the beginning of the thermogram was lower than that recorded at the end. This particular behavior could be attributed to the beginning of the crystallization process prior to the isothermal start. Actually, for those temperatures, the crystallization started during the cooling stage from the melt. The amount of material that crystallized before reaching the isothermal temperature could not be evaluated, but it was assumed to be small with respect to the whole thermograms. It is, thus, neglected in the rest of this paper.
From Figure 3 , it was possible to determine the crystallization progress at any time for the studied temperatures. Figure 4 presents DSC thermograms measured on PEI 17.1 T after different isothermal treatments at 170 • C. The duration of the isothermal period varies from 60 minutes to 600 minutes. It can be firstly observed on Figure 4 that a heat capacity (Cp) jump attributed to the glass transition of the material appeared at around 95 • C. The amplitude of this Cp jump decreased as isothermal period increased.
A second endothermic event appeared between 180 • C and 210 • C, with the size of this event increasing as the isothermal period increased. It is to be noted that this event was itself composed of two sub-events. This endotherm was attributed to the melting of the crystalline part of the material obtained during the isothermal treatment. The opposite and concomitant evolution of both the amplitude of the Cp jump and the enthalpy of the peak confirmed this hypothesis. The presence of several peaks in the melting endotherm revealed that the melting of crystalline PEIT took place in different steps. Such a behavior was already highlighted on many polymers like PET [14] , and it was attributed to the presence of several crystal types formed by primary or secondary crystallization.
In the present study, the global melting endotherm was considered to evaluate the crystallinity of studied PEIT.
From Figures 3 and 4 , the evolution of the weight fraction crystallinity (X t ) could be determined according to Equations (2) and (3), respectively. The X t evolution as a function of the isothermal crystallization time and temperature for PEI 4.9 T and PEI 17.1 T is presented in Figure 5a ,b. In Figure 5c ,d, the plot of Log(−ln(1 − X t )) as a function of Log(t) is also given for the same experimental data. 
From the plots in Figures 5c,d , the crystallization half time t1/2, Avrami index n, and 219 crystallization rate constant K were obtained using the following Avrami equation:
220 From the plots in Figure 5c ,d, the crystallization half time t 1/2 , Avrami index n, and crystallization rate constant K were obtained using the following Avrami equation:
where X(t) is the relative crystallinity at time t, K is the crystallization rate constant (min −1 ), and n is the Avrami exponent linked to the geometry of crystals. This equation may also be expressed in the following form: log [− ln(1 − X)]= nlog(t) + nlog(K).
This second form of the Avrami equation gives easy access to parameters n and K, as well as t 1/2 , corresponding to the half crystallization time. Those three essential parameters to describe the crystallization kinetics of polymers are gathered in Table 2 . Table 2 gathers the Avrami parameters measured on PET and PEIT with varying isosorbide contents. Those parameters were obtained by fitting experimental crystallization kinetics with the Avrami equation (Equation (7)). Examples of such a fit are presented in Figure 5c,d . It firstly appears from Table 1 that the isosorbide content slowed down the crystallization kinetics of PEIT. The t 1/2 was actually multiplied by 100 between PEI 4.9 T and PEI 20.8 T (t 1/2 = 8 min and t 1/2 = 813 min, respectively at 170 • C).
In parallel, it is to be noted that the isosorbide content did not clearly have an impact on the value of parameter n. Actually, n always remained in the range 2-3. Higher values of parameter n were obtained for PEI 20.8 T at 150 • C and 180 • C (3.73 and 3.41, respectively). However, for those particular cases, crystallization kinetics were so long that a limited number of points were taken into account for Avrami equation fitting. This limited number of points was most probably at the origin of a less accurate fitting, leading to higher values of parameter n. More generally, n values shown in Table 2 tended to show that the geometry of PET crystals was not modified by the introduction of isosorbide molecules in the structure of the polymer (for the isosorbide content range between 0 and 20 mol.%). Figure 6 presents the evolution of t 1/2 values given in Table 2 as a function of temperature for isothermal crystallization of PEIT with varying isosorbide contents.
Results presented in Figure 6 give a good overview of the impact of the isosorbide content on the crystallization kinetics of PEIT. It also clearly appears from Figure 6 that the crystallization kinetics of PET and PEIT presented a maximum speed at around 170 • C. This temperature remained the same over the isosorbide range studied. This variation of the half crystallization time is well known for polymers. It is actually the result of the competition between the thermodynamic driving force and the mobility of the molecules. When decreasing the temperature from the melt, the first increases while the second decreases. On the one hand, between the melting temperature and the maximum crystallization speed temperature, the thermodynamic effect was predominant which was caused by an increase in crystallization speed. On the other hand, below 170 • C, the molecular mobility became so low that the overall crystallization speed was affected and decreased. Table 2 tended to show that the geometry of PET crystals was not modified by the introduction of Figure 6 presents the evolution of t1/2 values given in Table 2 as a function of temperature for 245 isothermal crystallization of PEIT with varying isosorbide contents. Results presented in Figure 6 give a good overview of the impact of the isosorbide content on 249 the crystallization kinetics of PEIT. It also clearly appears from Figure 6 264 Figure 8 shows the effect of the isosorbide content on the melting behavior of PEIT (melting 265 temperature and melting enthalpy). It actually appears from Figure 8 that the increase in isosorbide 266 content led to a decrease in both melting temperature and melting enthalpy. In the isosorbide content 267 range studied (0% to 20%), the melting temperature decreased by more than 40 °C (from 249 °C to 268 207 °C). In the meantime, the maximum melting enthalpy was reduced by around 50% (from 54.7 to 269 28.4 J/g).
270
The decrease in maximum melting enthalpy described the reducing capability of the material to 271 crystallize when adding isosorbide. As seen in Table 1 Figure 8 shows the effect of the isosorbide content on the melting behavior of PEIT (melting temperature and melting enthalpy). It actually appears from Figure 8 that the increase in isosorbide content led to a decrease in both melting temperature and melting enthalpy. In the isosorbide content range studied (0% to 20%), the melting temperature decreased by more than 40 • C (from 249 • C to 207 • C). In the meantime, the maximum melting enthalpy was reduced by around 50% (from 54.7 to 28.4 J/g). 
281
Firstly, contrary to what is commonly admitted in the literature [1, 16] , PIT was found to be 282 subjected to crystallization when precipitated in cold methanol from a polymer solution in 283 chloroform. As shown in Figure 9 , this polymer displayed a multiple melting peak with a first The decrease in maximum melting enthalpy described the reducing capability of the material to crystallize when adding isosorbide. As seen in Table 1 , replacing ethylene glycol by isosorbide induced a decrease in both the ET sequence length in the polymer and the percentage of those sequences. At the same time, the molar fraction of ITI sequences increased but with an almost constant average sequence length (between 1 and 1.4). As mentioned by Aoki et al. [15] , the minimum sequence length for possible crystallization is about five. This means that ITI sequences are too small to crystallize. Therefore, the crystallinity of PEIT should only come from the ETE sequences. To validate this hypothesis, X-ray diffraction analyses were carried out on all crystallized samples prepared in this study. Pure PET and pure PIT were used as reference samples.
Firstly, contrary to what is commonly admitted in the literature [1, 16] , PIT was found to be subjected to crystallization when precipitated in cold methanol from a polymer solution in chloroform. As shown in Figure 9 , this polymer displayed a multiple melting peak with a first endotherm around 194 • C (10.4 J/g) and a second at 241 • C (5.5 J/g). The annealing of that polymer at 200 • C for 7 h induced changes in the melting profile which led to modifications of the crystals. Two melting peaks at 206 • C (9.4 J/g) and 234 • C (4.2 J/g) were recorded. As anticipated, these endotherms disappeared on the second heating scan due to the low ability of the polymer to organize for crystallization. This sample was, thus, not considered in this thermal crystallization study. 
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First results showed clearly that the presence of isosorbide modified the crystallization behavior 311 of PET. Actually, increasing the isosorbide content led to an exponential increase in the crystallization 
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In addition, comparative X-Ray diffraction analysis of crystallized PET, PEIT, and PIT samples 317 clearly indicated that ethylene terephthalate moieties were the only ones to crystallize.
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Finally, mathematical fit of the Avrami model was done on experimental data of crystallization 319 kinetics for PET and PEIT. In all cases, the value of the Avrami's exponent (n) was close to 3, 320 indicating a three-dimensional (3D) spherulitic growth of the crystals.
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All parameters studied here are essential knowledge for further processing of poly(ethylene-co- For PEIT, the peak intensity decreased with increasing isosorbide levels. This confirmed the decrease in the degree of crystallinity measured by the melting enthalpy in DSC. The diffraction spectra observed for PEITs were close to those of PET. As suggested by Zhang [17] , this indicates that the crystalline parts of the PEITs are related to PET patterns. However, we cannot rule out the fact that the presence of isosorbide units can disrupt the crystallization of the PET units, with this disturbance reflected by the observed peak offsets as a function of the isosorbide level. Finally, the spectrum recorded on pure crystalline PIT had diffraction peaks very different from those of PET and PEIT. This led to confirming the previous hypothesis according to which, for the isosorbide contents studied here (up to 20%), the PIT patterns present in the PEIT samples were not crystallized.
Conclusions
In this study, the crystallization of poly(ethylene-co-isosorbide terephthalate) copolyesters was assessed. For that, PEIT samples with various amounts of isosorbide going from 4.8 to 20.8 mol.% were successfully synthetized with a random distribution of isosorbide moieties in the polymer backbone as revealed by 13 C-NMR.
First results showed clearly that the presence of isosorbide modified the crystallization behavior of PET. Actually, increasing the isosorbide content led to an exponential increase in the crystallization half time (t 1/2 = 1.946·exp(0.297.x ISO ) at 170 • C). This increase in crystallization time went together with the decrease in melting temperature (from 250 • C for PET to 207 • C for PEI 20 T) and the decrease in overall crystallinity (from 55 J/g to 28 J/g melting enthalpy for PET and for PEI 20 T crystallized at the maximum, respectively).
In addition, comparative X-Ray diffraction analysis of crystallized PET, PEIT, and PIT samples clearly indicated that ethylene terephthalate moieties were the only ones to crystallize.
Finally, mathematical fit of the Avrami model was done on experimental data of crystallization kinetics for PET and PEIT. In all cases, the value of the Avrami's exponent (n) was close to 3, indicating a three-dimensional (3D) spherulitic growth of the crystals.
All parameters studied here are essential knowledge for further processing of poly(ethylene-co-isosorbide terephthalate) copolyesters. They show that, with isosorbide contents higher than 15 mol.%, these copolyesters are difficult and long to crystallize. Potential applications are, thus, different depending on the isosorbide content. Polymers that are able to "quickly" crystallize could be used for injection stretch blow molding of hot filling bottle or for making fibers, whereas amorphous ones would be more perfectly suitable for making high-transparency polymers for optical application or as a substitute of polycarbonate in food contact applications. In addition these isothermal kinetics give some important parameters for the solid-state post-condensation of these copolyesters, i.e., optimized crystallization temperature and time, and maximal temperature to be used for the solid state.
